Structural and metabolic features of the seedcoats of the developing pea seed indicate that events in the cells of the seedcoats are of major importance in controlling the develomnent of the embryo. Information has been obtained on the distribution of N and P constituents of the seedcoats, embryo sac liquid, and the cotyledons of the embryo, in relation to the changes in the activities of several enzymes: aminopeptidases, ,B-glucosidase, and acid phosphatase. The liquid contents of the embryo sac are considered to arise as a secretion from the tegmen. High concentrations of amino acids (about 0.3 molar), NH4' (about 0.1 molar), and orthophosphate (Pi) (up to 4 millimolar) were measured in this fluid. Since Pi was the only form of P present, the data confirm the possible function of some of the seedcoat acid phosphatase activity in the provision of Pi to the embryo.
The developing legume seed has two coats, the testa and the tegmen, derived respectively from the outer and inner integuments of the ovule. The testa becomes sclerified (34, 35) and as dead tissues, the seedcoats of the mature seed serve to protect the enclosed embryo. This protective function of the seedcoats is well known. An equally important function of the living seedcoats in regulating the growth and development of the embryo has been largely ignored (8) .
It is known that the seedcoats of Pisum sativum acquire reserves of starch and protein, which are mobilized as the seedcoats senesce and as the embryo matures (2, 6, 9, 25, 32) . Mineral reserves are also mobilized from seedcoats to embryo, with varying degrees of retention (14) . Clearly, metabolic and structural changes of considerable moment are taking place in the cells of the seedcoats during seed development, yet in relatively few studies have parameters relating to the seedcoats been assessed separately from those relating to the embryo.
Here, I have sought to show how changing hydrolytic enzyme activities in the seedcoats may be related to the nutritive and regulatory functions of the seedcoats during embryo development. This investigation is an extension of those in which changing enzyme activities of pea seedcoats were first reported (6, 25) . Acid phosphatase (EC 3.1.3.2) was found to develop in the seedcoats from an early stage, involving the synthesis of a distinctive isoenzyme (25) . However, reliable information on the distribution of P in the parts of the developing seed has been lacking. This has now been obtained in order to assess the possible function of seedcoat acid phosphatase in the provision of Pi to the embryo. The aminopeptidases previously studied (6) (6) . Seed 2 was dissected as rapidly as possible; first the seedcoats, then the cotyledons were weighed and separately extracted with cold 0.01 M NaF as an inhibitor of acid phosphatase activity, thus providing samples for the accurate determination of PE3 and Pi. Seed 3 was dissected and provided duplicate extracts prepared with cold 0.5 mm 2-ME for enzyme assays. Extracts were prepared by thorough grinding with chilled porcelain mortar and pestle, using ice-cold extracting medium at a ratio from 4:1 to 10:1 (v/w). Acid-washed sand was used only for the last (49-day) stage. The crude extracts were centrifuged immediately at 9,000g for 5 min using a Beckman Microfuge. Clear supernatants were removed and the NaF extracts were immediately sampled in duplicate for treatment with 4 volumes of 7% (w/v) trichloroacetic acid. For cotyledon extracts, acid-insoluble materials were collected by centrifugation after about 30 min and the acid-soluble fraction stored at -20 C. Seedcoat samples were first frozen to allow complete precipitation. Acid-insoluble fractions from cotyledons were washed three times with 7% trichloroacetic acid at room temperature, then extracted with trichloroacetic acid at 90 C for 15 min to yield a soluble nucleic acid fraction (10) . The acid-insoluble materials were finally dissolved in 0.25 M NaOH and their protein content determined by the biuret reaction, using lipid-extracted BSA as standard (6 period of rapid cell expansion in the embryo. (c) The decline in the protein content of the seedcoats accompanies the slight decline in dry matter content ( Fig. 1 ) but does not result in increased concentrations of soluble amino nitrogen in the seedcoats (Fig. 2) . This situation resembles the behavior of the pod wail and subtending leaf during their senescence (41 Although starch-sugar relations were not a major concern of the present study, the total hexose content was measured (Fig. 2) . The hexose content of the seedcoats was maximal at 14 days, declining very gradually until after 41 days, then more quickly (Fig. 2) . The sugar content of the cotyledons showed an initial maximum after 23 days, declined, then finally increased to a very high value (Fig.  2) . Reference to an earlier study (5) (27) .
Bain and Mercer (2) found that the onset of the decline in sugar content of the cotyledons coincided with the beginning of water loss. Such a correlation was not evident in the present study ( Figs.  1 and 2) .
Most of the P of the seedcoats is present as Pi until after the embryo has filled the embryo sac (Fig. 2) . Thereafter, PE constitutes more than half of the P content of the seedcoats until maturity, when the residual P of the seedcoats is entirely Pi (Fig.  2) . These data are also expressed on a fresh weight basis (Table I) to aid comparison with earlier studies on whole seeds (23, 36) .
In contrast to the seedcoats, the cotyledons show a Pi content which is never more than a quarter of the total measured phosphate (Table I ). This proportion declines to a minimum close to 5% of total P by 41 days, but finally increases at maturity (Fig. 2 and Table I ). Such an increase has also been observed for cv. Melbourne Market (unpublished data). These observations differ from those of McKee et al. (23) who reported that the Pi content of the whole seed was maintained at a maximum level of 4.5 ,umol/seed throughout maturation.
The increases in acid-soluble PE of the cotyledons reflect the synthesis of phytate, myo-inositol hexaphosphate, the main P reserve of the pea embryo (10, 20) . Since the amounts of the individual sugar phosphates are very low throughout development (36), it is clear that phytate synthesis is well under way by 31 days (Fig. 2) . The synthesis of phytate proceeds faster than the accumulation of proteins (Fig. 2 ), yet phytate eventually shares a common location with the globulins inside the protein bodies (20) . These observations suggest that the phytate is first deposited inside vacuoles as phytin and is later surrounded by acquired globulins.
Analysis and Significance of the Embryo Sac Liquid. The early maxima in Pi, amino acid, and sugar concentrations in the seedcoats (Fig. 2) coincide with a period of secretion of so-called endosperm liquid into the embryo sac. The maximum seed content of this liquid is 45 to 50 ,tl, with fresh weight reaching 0.070 g, which is much greater than the maximum of 0.013 g recorded for field pea (9) . The pH was found to be pH 5.5, compared to pH 5.2 to 5.4 for similar secretions from bean seeds (40). Table II acids are about 6-fold greater (40). As discussed below, I consider that this liquid is not endosperm, which has disappeared from the seed before the earliest stage studied here (7), but an active secretion from the seedcoats, resulting from the metabolism of P esters and amino group donors, especially asparagine and serine, received from the phloem by the seedcoats. Changes in Enzyme Activities. Figure 3 shows the changes which were observed in the activities of two aminopeptidases, ,Bglucosidase and acid phosphatase. The main features of these observations are as follows: (a) The increases in aminopeptidases in the seedcoats occurred rapidly, with both enzymes achieving maxima after 14 days. (b) The pattern of changes in APl activities correlated more closely with the changes in protein content of the seedcoats than did the AP2 pattern. (c) AP2 activity had practically disappeared from the seedcoats while AP1 was still measurable (cf. 6). (d) Both API and AP2 activities in the cotyledons followed the pattern of accumulation of dry matter (Fig. 1) rather than that of fresh weight (Fig. 1) or protein (Fig. 2) . Both activities continued to increase throughout dehydration, confirming previous observations for this cultivar (6) . (e) The decline in f-glucosidase activity in the seedcoats preceded the decline in aminopeptidases and acid phosphatase. (f) The ,8-glucosidase activity of the seedcoats was greater than that of the cotyledons at all stages examined except the last. (g) The declines in acid phosphatase activity and API activity in the seedcoats occurred at similar rates (Fig. 3) , in contrast to the slower decline in acid phosphatase activity shown by seedcoats of seeds developing under cooler conditions (25) . (h) Of the enzymes studied, only acid phosphatase persisted in the dehydrating seedcoats. (Figs. 1 and 3 ).
DISCUSSION
Seasonal fluctuations superimposed upon already diverse varietal potential have in the past rendered a universal description of pea seed development virtually impossible (27) . It is fundamental to consider embryo development in terms of cell expansion preceded by a period of intensive cell division. This initial phase encompassing most cell divisions extends to about 10 days for garden peas (7, 23, 24) but may be considerably longer in field pea (39). It is impossible to assign the first appearances and accumulations of the various reserve materials to distinctive stages.
Reserve synthesis in the embryo may begin during the initial phase of cell division (24) and continue well into the period of cytosol shrinkage accompanying desiccation (6, 24, 39, and Figs.  1-3) .
The present study emphasizes the need to distinguish parameters relating to the seedcoats from those of the embryo. This has not been done in earlier work on seed development except in the studies by Raacke (31-33), Bain and Mercer (2) , and Flinn and Pate (9) . The present work also serves to focus attention on some very large gaps in our knowledge of the pathways of nutrient transmission from the parent plant to the developing embryo.
It is clear that the phloem bears the vast majority of translocated substrates from the subtending leaves and other parts of the plant to the seeds in the developing pods (14, 15, 18, 19 by the embryo must pass through the seedcoats (8, 12) , the rates of transmission of most individual nutrients from the seedcoats are best gauged as their rates of accumulation in the embryo rather than as their net rates of decline within the seedcoats (Table  III) .
It is also becoming clear that certain of the metabolites received by the seedcoats from the phloem are radically altered before their transmission to the embryo sac liquid and embryo. Sucrose, the main component of phloem sap (18, 29, 30) , is transmitted with variable proportions hydrolyzed to free glucose and fructose (5, 39, 43) . However, the alterations imposed by the tissues of the seedcoats on the incoming nutrient supply chiefly concern the N and P constituents.
Considerable differences in the amino acid profiles of phloem sap (18) , seedcoats (9) , embryo sac liquid (9) , and embryo (21) have been recorded. Embryo sac fluid from field pea has an amino acid composition which varies little (9) and which shows that homoserine, alanine, and glutamine are relayed from the phloem without impediment. However, the much reduced contents of asparagine, serine, and aspartate compared to phloem sap (18) and the enhanced contents of valine and threonine (9) in this secretion bear testimony to the extensive and selective metabolism of amino acids taking place in the seedcoats prior to the release of amino acids, NH4+ (Table II) There is increasing evidence that much or most of the P of the phloem sap is esterified (3, 4, 15, 19 ), yet no P esters have been detected in the fluid secreted internally by the seedcoats (Table  II) . It is tempting to conclude that it is the metabolic intervention of the seedcoat tissues which requires the developing embryo to take up Pi as its sole source of P. At least some of the acid phosphatase activity of the seedcoats is likely to participate in the generation of Pi for secretion from the cells which flank the embryo sac. Obviously not all of the developing acid phosphatase activity (Fig. 3) can possibly function in this way; compartmentation is implied by the almost parallel patterns of development of PE content (Fig. 2) and of total acid phosphatase activity of the seedcoats (Fig. 3) . Even the relatively low activity of acid phosphatase remaining in the seedcoats after 41 days (about 0.2 units, equal to 528 ymol of substrate converted per day) is vastly more than adequate to evacuate the PE content of the seedcoats (about (yzmol/day) I ttmol) over the last 8-day interval (Fig. 2) .
In assessing this possible role of acid phosphatase in generating Pi from PE within the cells of the seedcoats, it should be pointed out that Bieleski (4) considers Pi to be the sole mobile form of P in the phloem. Hence the possibility that a substantial proportion of the Pi acquired by the embryo passes unaltered from the phloem, must be admitted. Further work will be necessary to quantify the transference of P via these alternative pathways.
